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Introduction

The translation of mRNAs into polypeptides in all living spe-
cies is conducted by highly specialized RNA protein particles 
called ribosomes. Eukaryotic 80S ribosomes are composed of two 
subunits. The small subunit has a sedimentation value of 40S, 
whereas that of the large subunit is 60S. Similarly, prokaryotic 
70S ribosomes are composed of 30S and 50S subunits. The struc-
tures of the prokaryotic ribosomal subunits and the 70S ribosome 
have been studied at atomic resolution using crystallographic 
approaches.1 Recently, X-ray structures of 40S from Tetrahymena 
thermophila and 80S ribosome from Saccharomyces cerevisiae 
have emerged.2,3 In addition, cryo-electron microscopy (cryo-
EM) studies of both the 70S and 80S ribosomes have provided 
snapshots of the ribosomes bound with initiation, elongation, 
recycling and termination factors.4-7 Together, those structural 
studies have contributed immensely to the understanding of pro-
tein synthesis in bacteria and eukaryotes. It is now well accepted 
that the ribosome structure is conserved more than any other 
macromolecule or organelle among living organisms.8

Protein synthesis across kingdoms involves the assembly of 70S (prokaryotes) or 80S (eukaryotes) ribosomes on the 
mRNAs to be translated. 70S ribosomes are protected from degradation in bacteria during stationary growth or stress 
conditions by forming dimers that migrate in polysome profiles as 100S complexes. Formation of ribosome dimers in 
Escherichia coli is mediated by proteins, namely the ribosome modulation factor (RMF), which is induced in the stationary 
phase of cell growth. It is reported here a similar ribosomal complex of 110S in eukaryotic cells, which forms during 
nutrient starvation. The dynamic nature of the 110S ribosomal complex (mammalian equivalent of the bacterial 100S) 
was supported by the rapid conversion into polysomes upon nutrient-refeeding via a mechanism sensitive to inhibitors 
of translation initiation. Several experiments were used to show that the 110S complex is a dimer of nontranslating  
ribosomes. Cryo-electron microscopy visualization of the 110S complex revealed that two 80S ribosomes are connected 
by a flexible, albeit localized, interaction. We conclude that, similarly to bacteria, rat cells contain stress-induced ribosomal 
dimers. The identification of ribosomal dimers in rat cells will bring new insights in our thinking of the ribosome structure 
and its function during the cellular response to stress conditions.
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The mechanism of protein synthesis can be described as 
having four distinct phases: (1) initiation, the small ribosomal 
subunit binds to the mRNA and upon selection of the initia-
tor AUG codon, the large ribosomal subunit is recruited to form 
the translation competent 80S (70S in prokaryotes) ribosome; 
(2) elongation, decoding of protein sequence, delivery of amino 
acids by aminoacyl-tRNAs and incorporation into the growing 
polypeptide chain by formation of peptide bonds (3) termina-
tion, release of the polypeptide upon recognition of a stop codon 
on the mRNA and (4) recycling of the ribosomes into free sub-
units that continue translation of other mRNAs.8

An experimental approach, which is widely used to study 
structure/function of ribosomes and also monitor the efficiency 
of mRNA translation, is the use of sucrose gradients to separate 
free ribosomal subunits from translating ribosomes by velocity 
sedimentation.9 Because ribosomal subunits are larger than free 
mRNA protein complexes, this methodology can also separate 
the two populations from cellular extracts. In addition, trans-
lating mRNAs, which are bound to several ribosomes, forming 
polyribosomes, migrate with the much larger fractions in sucrose 
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cryo-electron microscopy (cryo-EM) via the use of “in gradient” 
chemical crossliniking (GraFix), which increased the stability of 
ribosomal dimers. It was claimed that some degree of flexibil-
ity was present between the small ribosomal subunits within the 
100S dimers.28 Moreover, in situ cryo-EM studies of intact E. coli 
cells proved that the 100S ribosomes do exist in vivo.29

Dimerization of 70S ribosomes has been suggested as a univer-
sal survival mechanism in bacteria during the stationary growth 
phase.18,30 RMF and HPF homologs were found in the proteobac-
teria g group (Gram-negative), while other bacteria contain pro-
teins homologous to HPF but not RMF.31 HPF was sufficient to 
promote formation of ribosomal dimers in Staphylococcus aureus 
cells during the transition to stationary growth phase.32

Hibernating/resting ribosomes in eukaryotic cells have 
not been described. In our work with rat C6 glioma cells, we 
observed the formation of a peak similar to 100S when cells were 
challenged with amino acid depletion. Similar to the bacterial 
model, this complex was unstable, and its formation was reversed 
after restoration of optimal growth conditions. This led us to 
investigate the possibility of the existence of hibernating ribo-
somes in mammalian cells. We found that the rat 110S ribosomal 
population consists of 80S dimers and 60S:80S heterodimers 
and was induced both by, different stresses that cause transla-
tion initiation inhibition and independently of stress in cell-free 
extracts after 80S ribosome run-off. Here, we provide a detailed 
analysis of the mammalian 80S dimers. As opposed to the stalled 
70S dimers, our work suggests that the 110S ribosomal dimers 
formed under stress conditions are bound together via interac-
tions mediated by the 60S subunits. Cryo-EM analysis of the 
110S pool indicates 80S-80S dimers via a flexible connection.

The presence of dimers similar to those in this report, were 
found earlier in polysome profiles from rat and hamster cells.33-35 
To address the question of the species specificity of ribosomal 
dimer formation, we tested several commonly used rat, mouse 
and human cell lines. After amino acid starvation in the same 
experimental conditions, only rat cell lines were able to form 
ribosomal dimers. Our data point to fundamental differences 
between mammalian ribosomes and raise awareness for the use of 
rat cells for studies on translational control mechanisms related 
to human diseases.

Results

Stress induces a novel ribonucleoprotein complex in C6 cells. 
Amino acid starvation activates the protein kinase GCN2, which 
phosphorylates the α subunit of the translation initiation fac-
tor eIF2 (eIF2α), with a subsequent decrease of global protein 
synthesis.36 Phosphorylation of eIF2α initiates translational and 
transcriptional reprogramming of the stressed cells, thus preserv-
ing cellular resources and allowing cells to adapt.36 Polysome 
profile analysis of cytoplasmic extracts from amino acid-starved 
C6 cells revealed the presence of a novel double peak at 110S 
preceeding the polysomes (Fig. 1A). The population of the 110S 
peaks will be referred to throughout as a 110S peak. Formation 
of the novel 110S peak occurred as early as 15 min (data not 
shown) with maximal induction at 1 h of starvation. The ratio 

gradients. The sedimentation velocity of polyribosomes will 
depend on their size, which relates to the efficiency of transla-
tion of the corresponding mRNAs. The larger the corresponding 
mRNA and the number of bound ribosomes, the higher the sedi-
mentation velocity. Sedimentation of particles is monitored by 
measuring the absorbance of the fractions at 254 nm, which pro-
vides the so-called polysome profile. A typical polysome profile 
shows distinct peaks for the free ribosomal subunits (small 40S 
in eukaryotes/30S in prokaryotes) and large (60S/50S), followed 
by the 80S (70S in prokaryotes) ribosomes and heavier polyribo-
somes. The sedimentation of polyribosomes for a single mRNA 
depends on the number of ribosomes bound, such as disomes, 
trisomes, etc. The development of the polysome profile tech-
niques, along with other molecular biology approaches, allowed 
studies on the factors involved in ribosomal subunit joining and 
dissociation.10

Certain conditions are known to inhibit translational initia-
tion (stress, environmental factors, exposure to drugs, etc.). The 
result is an increased accumulation of free ribosomal subunits and 
nontranslating  monosomes and a decrease in the polyribosome 
pool.11-13 Sustained association of mRNAs with polyribosomes 
under these conditions is associated with efficient translation of 
the corresponding mRNAs.12,14 The molecular mechanisms that 
control the levels of free ribosomes under these conditions are 
not well known. However, it has been suggested that ribophagy 
(degradation of ribosomes) is induced in yeast under conditions 
of nutrient starvation.15

In Escherichia coli, it was shown that during the transition 
from exponential to stationary growth phase, 70S ribosome 
dimers are formed, which were detected on sucrose gradient frac-
tionations as an 100S peak.16 This resting state of the ribosomes 
was termed “ribosomal hibernation.”17 Ribosome dimerization 
was promoted by a small basic protein RMF (ribosome modu-
lation factor), which increased in levels when cells entered the 
stationary growth phase.18,19 RMF was shown to bind close to the 
peptidyl transferase center, rendering the ribosome translationally 
inactive.16,20 70S ribosomal-dimer formation was also supported 
by protein HPF (hibernation promoting factor, also known as 
YhbH), which was induced during the stationary growth phase.21 
Ribosomes from the stationary phase had lower affinity to ini-
tiation factor 3 (IF3), promoting dissociation of ribosomes into 
translationally competent subunits.22 In contrast to the RMF and 
HPF proteins, which were found to bind exclusively the 100S 
ribosomes, protein YfiA, an inhibitor of translational activity of 
ribosomes, was also induced during stationary growth phase23 
and was detected with both 70S and 100S ribosomes.24 YfiA was 
shown to bind to the subunit interface of the 70S, thus stabilizing 
the 30S and 50S interaction.25,26

The dynamic nature of ribosomal dimer formation in bacteria 
was further supported by the observation of the quick dissocia-
tion of the 100S dimers and their conversion into translationally 
competent ribosomal particles upon return to exponential growth 
conditions.24,27 Experimental approaches using crosslinking and 
electron microscopy techniques demonstrated that the interac-
tion between the 70S ribosomes in the dimers was via the small 
ribosomal subunits.17 Recently, these dimers were studied by 
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Figure 1. 110S peak formation in polysome profiles of rat C6 glioma cells. (A) Polysome profiles from control and amino acid-starved (AA st) cells at 
the indicated times. Ten OD260 units of cell extracts were loaded on 10–50% sucrose gradients and analyzed as described in Materials and Methods. 
The position of 80S is indicated. (B) Polysome profiles from amino acid-starved and amino acid-refed cells for 1 h after 3 h of starvation, in the absence 
(refed) or presence of hippuristanol (refed + hipp). (C) Polysome profiles from cells treated with Tg for 3 h. Cell extracts were loaded on 10–35% sucrose 
gradients. (D) Polysome profiles from cell extracts that were subjected to translational runoff in the absence (run-off) or presence of CX (run-off + CX). 
Cell extracts were loaded on 10–35% sucrose gradients. Data are shown from represantive experiments.
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as a control for this analysis. Following cell-free translation of the 
cell extracts, the reaction mixtures were analyzed on the sucrose 
gradients. Polysome profiles from CX-treated extracts showed the 
presence of polysomes and absence of the 110S peak (Fig. 1D). 
In contrast, polysome profiles from extracts not-treated with CX, 
showed the 110S peak and absence of polysomes (Fig. 1D). These 
data again suggested that 110S peak formation is promoted by all 
cellular conditions that cause release of the ribosomes from the 
mRNAs without subsequent recycling to new rounds of transla-
tion initiation.

The 110S peak is composed of ribosomes. The hypothesis 
that the 110S peak consists of ribosomes is supported by two 
pieces of data: (1) the quick disassembly of the peak and build-up 
of polysomes upon transfer of cells from starvation to optimal 
growth media (Fig. 1b) and (2) the assembly of the 110S peak 
in vitro following ribosome runoff (Fig. 1D). To further support 
this hypothesis, we analyzed the ribosomal protein and RNA 
content of the fractions obtained from polysome profile gradi-
ents of amino acid-starved and control cells. We tested the dis-
tribution of the large ribosomal subunit protein L4 and the small 
ribosomal subunit protein S5 across the gradients. From the same 
fractions, RNA was isolated and analyzed by agarose gel elec-
trophoresis for the presence of the rRNAs: 18S, small ribosomal 
subunit and 28S, large ribosomal subunit. Both proteins showed 
the expected distribution across the polysome profiles from con-
trol cells; L4 was present in fractions corresponding to 60S, 80S 
and polysomes when S5 was present in fractions corresponding 
to 40S, 80S and polysomes (Fig. 2A). Distribution of those ribo-
somal proteins in polysome profiles from amino acid-starved cells 
showed that both proteins were present in the 110S peak frac-
tions (Fig. 2A). A similar pattern of distribution of the ribosomal 
subunits was confirmed by the presence of 18S and 28S rRNAs 
(Fig. 2A). These data directly demonstrate that the 110S frac-
tion contains both ribosomal subunits. As an additional test, we 
analyzed fraction 7, which contained the 110S peak (Fig. 2b) on 
a new set of gradients. We performed the analysis in the pres-
ence or absence of EDTA, which induces dissociation of ribo-
somal particles into large and small subunits. Fractionation of the 
untreated 110S complex revealed its unstable nature: free 60S, 
80S and 110S particles were present in the gradient (Fig. 2b). 
Subsequent quantitative qPCR analysis of the 18S and 28S rRNA 
across the gradient brought the interesting observation that the 
ratio of 18S to 28S in the 110S peak fraction was lower than 
the ratio in the fractions corresponding to 80S (Fig. 2C). These 
data suggested that the 110S peak is likely composed of two sub-
populations of complexes, light heterodimers of 60S with 80S 
and heavier 80S homodimers. In agreement with this conclusion, 
dissociation of the peak with EDTA resulted into free subunits 
containing 18S rRNA in the 40S and 28S in the 60S fractions 
(Fig. 2C). The unstable nature of the 110S ribosomal peak was 
further confirmed by treatment of the peak fractions with a high 
salt concentration. We noted that KCl in concentrations higher 
than 200 mM in the cell extract and in the gradient buffer dis-
sociated the 110S peak (data not shown). These findings provide 
an additional similarity between the bacterial hibernating 100S 
dimers20 and the ribosomal 110S complex in stressed C6 cells.

of the 110S/80S fractions did not change between 1 and 9 h in 
cells treated with amino acid starvation (Fig. 1A). At the same 
time, polysomes decreased (Fig. 1A). These data are consistent 
with decreased protein synthesis rates caused by eIF2α phos-
phorylation, as previously reported in reference 11. Restoration 
of optimal growth conditions by transferring cells to amino acid-
containing medium resulted in disassembly of the 110S peak and 
an increase in heavy polysomes (Fig. 1b). The ratio of 110S/80S 
fraction area was similar between control and cells refed for  
1 h after 3 h treatment with amino acid starvation. The dynamic 
nature of the 110S peak formation upon starvation and refeeding 
provides strong evidence that the peak is likely composed of non-
translating ribosomes, which associate with mRNAs and shifts 
to polyribosomes during relief from amino acid starvation. In 
order to further support that the 110S peak is formed under con-
ditions of inhibition of translation initiation, we hypothesized 
that refeeding of starved cells in the presence of such inhibitors 
will not cause disassembly of the 110S complex. It is shown that 
the 110S complex was maintained in cells refed in the presence 
of hippuristanol (Fig. 1b). Hippuristanol is an inhibitor of the 
helicase activity of the translation initiation factor eIF4A,37 and 
refeeding in its presence probably prevented 110S peak-associ-
ated ribosomes to be recruited to mRNAs and the resumption of 
mRNA translation.

In order to further verify the hypothesis that the 110S peak 
formation is the result of stress-induced inhibition of protein 
synthesis, we tested whether other types of cellular stress, which 
are known to inhibit translation initiation in mammalian cells, 
would induce 110S formation. Thapsigargin (Tg) is a well-char-
acterized chemical that induces the unfolded protein response by 
calcium release from the endoplasmic reticulum (ER). Treatment 
of cells with Tg activates the eIF2α kinase PERK, which phos-
phorylates eIF2α and thereby inhibits mRNA translation initia-
tion.38 Polysome profile analysis of cell lysates from 3 h Tg-treated 
C6 cells showed formation of the 110S peak (Fig. 1C). This lead 
us to the conclusion that in C6 cells, the presence of the 110S 
peak in the polysome profiles is tightly associated with the global 
translation inhibition, which prevents free ribosomes from being 
recruited to mRNAs. The characteristics of the 110S peak in C6 
cells are similar to the bacterial 100S ribosomes. In both cases, 
the presence of an additional peak in the polysome profile is 
induced in conditions with limited availability of nutrients, and 
such a complex disappears shortly after restoration of optimal 
growth conditions.27 Our data support the hypothesis that the 
110S peak forms by association of free ribosomes generated by 
stress-induced inhibition of protein biosynthesis.

Formation of the 110S peak in non-stressed cell-free extracts 
following ribosome run-off. In order to test whether the 110S 
peak consists of resting ribosomes, we used a cell-free system and 
C6 cytoplasmic extracts and performed a ribosome run-off exper-
iment. Cell lysates from control C6 cells were incubated in vitro 
under conditions that promote translation elongation of existing 
polysome-associated polypeptides and release of ribosomes from 
the mRNAs. In order to ensure that the release of the ribosomes 
is the result of completion of translation of mRNAs bound with 
polyribosomes, we used the inhibitor of translation elongation CX 
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dimers may be relatively unstable, many of the dimers were dis-
sociating into monomers during the grid preparation. Therefore, 
to stabilize the dimer interactions, we isolated ribosomes using 
in-gradient chemical crosslinking39 of the starved cell lysates. 
As expected, presence of glutaraldehyde significantly improved 
stability of the ribosomal dimers. The negative-stained micro-
graphs revealed that the vast majority of particles were dimers 
after chemical fixation (Fig. 3b). In addition to the faster sedi-
menting dimer population, the in-gradient cross-linking revealed 
peaks for monomeric 40S, 60S and 80S fractions. This indicated 
that cross-linking stabilized the pre-formed dimers but did not 
artificially contribute to dimer formation from free 80S.

Cryo-Em visualization of ribosomal dimmers. Bacterial 
100S ribosomal dimers were previously visualized by electron 
microscopy after negative staining17 and three-dimensional pro-
cessing of cryo-EM images.28 These studies revealed that bacte-
rial 100S ribosomes are interacting via the 30S subunits. We used 
a similar approach to demonstrate that the 110S peak in C6 cells 
is a ribosomal dimer.

We first used negative staining combined with electron micros-
copy to examine the nature of the 110S fractions from the sucrose 
gradient. The micrographs revealed that there were several ribo-
some dimers, but about half the total population was monomeric 
(Fig. 3A). We reasoned that since the interaction between the 

Figure 2. 110S peak in rat C6 glioma cells contains ribosomal subunits. (A) Detection of ribosomal proteins (L4 and S5) and rRNAs (18S and 28S) in the 
fractions of polysome profiles of control and amino acid-starved (AA st) cells. (B) Re-run of peak fraction (no. 7) on sucrose gradients in the absence 
(110S re-run) or presence of EDTA (110S re-run + EDTA). (C) qPCRanalysis of rRNAs (18S and 28S) in fractions of the gradients described in (B). Values are 
expressed as percentage of the signal obtained in fraction 5 (100%) corresponding to 80S (top part) and fractions 3 (100%, for 18S) corresponding to 
40S and 4 (100%, for 28S) corresponding to 60S (bottom part). Data are average from three independent experiments.
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were first subjected to reference-based alignment via 
projection matching algorithms40 using a vacant 80S 
ribosome from HeLa cells as the reference.41 Pre-aligned 
classes were further classified using multivariate statisti-
cal analysis.42 These results yielded individual particles 
with visible features in the 2D averages of the centered 
particle (Fig. 3D). Many of the 2D averages showed a 
smudge where the second particle resided (Fig. 3D and 
Fig. S1). While the smudge is indicative of the rela-
tive location of the second particle with respect to the 
aligned 80S ribosome, the connection between the two 
ribosomes appears dynamic or flexible, as evidenced by 
the lack of detail in the second ribosome within the 2D 
averages. These images support a distinct connection 
between the two ribosome particles.

what is linking 60S subunits? The diameter of indi-
vidual particles within the 2D averages was calculated 
to be approximately 300 Å. The size and shape of the 
particles as determined by cryo-EM and image classifi-
cation supports a connection between the 60S subunits 
of the stressed ribosomes with potential subpopulations 
of 80S-80S and 80S-60S. Although we cannot exclude 
the presence of 60S-60S subpopulations, it is unlikely 
that they exist under the 110S peak that we analyzed 
(Fig. 2b; fraction 7, shaded). We identified no poten-
tial 40S-40S or 40S-80S populations in our data. This 
analysis further supports the biochemical data localiz-
ing the intersubunit dimer connection to reside within 
a component of the 60S subunit. Provided that our 2D 
averages show the second particle in the dimers as a 
smudge (Fig. 3D), we reasoned that the connection is 
through a highly flexible linker within the large ribo-
somal subunit. The most obvious choice for a flexible 
linker in the 60S subunit would be one of the stalks: 

either the L1 stalk, which is localized near the exit-site (E-site) 
of the 60S subunit43 or the P proteins that comprise the L7/L12 
stalk in bacteria and reside near the aminoacyl-site (A-site) of the 
60S subunit.44

To identify probable candidates responsible for dimer inter-
action, we used two-dimensional gel electrophoresis and pro-
teomics. While we were unable to identify novel proteins in the 
110S fraction from starved cells, we noted changes in the phos-
phorylation status of stalk protein P2, with the 110S starved peak 
containing a less phosphorylated P2 protein (data not shown). 
The ribosomal stalk is a hetero-pentameric assembly with a 
highly flexible structure that associates with the 60S ribosome. 
It is believed to be the landing pad for translation factors and 
factor-mediated GTP hydrolysis.45 Rat ribosomal stalk P proteins 
can also form oligomers in vitro.46 It is therefore possible that 
the interaction of the rat 80S dimers is mediated via modula-
tion of the phosphorylation status of stalk proteins. Bacterial and 
eukaryotic stalk proteins (except rRNA binding domain of L10 
and P0), although they do not share sequence similarity, they 
function in a similar manner.44 It was shown that bacterial stalk 
proteins are involved in recruitment of initiation factor 2 (IF2), 
elongation factors Tu (EF-Tu) and G (EF-G) and release factor 

To further analyze the dimeric population, we employed cryo-
electron microscopy (cryo-EM). Cryo-EM is used to flash freeze 
the specimen in its native state and provides superior resolution 
over negative staining. Fifty-seven micrographs were collected, 
and a total of 3,495 ribosome dimers were manually selected 
and subjected to two-dimensional alignment and classification 
procedures. As expected, the 2D averages revealed dumbbell 
shaped dimers (Fig. 3C). The large size and globular shape of the 
individual ribosomes within the 2D averages indicates that the 
dimers are composed of 80S or potentially 60S subunits. There 
was no evidence of a more elongated subunit (indicative of 40S) 
in any of the 2D averages.

The inability to distinguish features within the 2D averages 
of ribosomal dimers suggests that the connection between the 
two particles is highly flexible. It is difficult to conceive that 
the connection would be random, because if that were true, 
we would expect to see larger oligomers as opposed to distinct 
dimers. To obtain a better understanding of how the two ribo-
somes are interacting, we focused on aligning only one of the two 
ribosomes within each dimer. Dimeric particles selected from the 
cryo-EM micrographs were shifted, such that one of the dimers 
was centered in the boxed projections. The centered particles 

Figure 3. Electron microscopy images of ribosomal dimers present in the 110S 
peak from rat C6 glioma cells. Electron micrographs showing negatively stained 
complexes from the 110S peak in the absence (A) or presence (B) of in-gradient 
crosslinkin. Scale bar size is 1 μm. (C) Cryo-EM 2D averages of crossilnked dimers. 
Dimer 80S particles were picked, centered and normalized. After orienting all parti-
cles, such that the two ribosomes were at 12 o’clock and 6 o’clock positions, dimer 
projections were subjected to multiple rounds of reference-free alignment and 
K-means classification procedures. (D) Reference-based alignment of an individual 
80S ribosome within the dimer. Ribosomes within the dimer particle were aligned 
to an 80S reference using projection-matching techniques. The pre-aligned pro-
jections within each aligned class were then subjected to multivariate statistical 
analysis to identify the relative location of the second ribosome within each dimer. 
Representative averages are shown here, with a more complete data set presented 
in Supplemental Figure 1. The window dimensions for (C and D) are 740 Å2.
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which suggested that complex formation is independent of the 
synthesis of stress-induced factors (Fig. 4A). Moreover, actino-
mycin D induced formation of the dimers in amino acid-fed cells 
during 3 h of treatment (data not shown). The latter was likely 
the result of inhibition of protein synthesis due to induction of 
phosphorylation of eIF2α, as previously reported in reference 
48. These data and the unsuccessful attempt to identify novel 
proteins bound to the 110S dimers via proteomic analysis sug-
gested that there is a fundamental difference between bacteria 
and mammalian cells with regard to the mechanism that controls 
ribosomal dimer formation during poor nutritional conditions.

An additional test was performed to determine whether ribo-
somal dimer formation depends on stress granule assembly. In 
eukaryotic cells under stress conditions, translation initiation is 
impaired, and stress granules (SGs) are formed.49 SGs are com-
plexes composed of mRNA, translation initiation factors, 40S 

3 (RF3), which catalyze major steps of mRNA translation in a 
GTP-dependent fashion.47 A working hypothesis for future stud-
ies might be that stalk protein-mediated ribosomal dimer for-
mation during stress blocks translation factor recruitment and 
ribosome recycling, thus limiting continuation of translation ini-
tiation of mRNAs.

Formation of the 110S dimers does not require synthesis 
of stress-induced factors. In bacteria, transition to the station-
ary growth phase (induced by the limited supply of nutrients) 
requires increased accumulation of RMF and/or HPF proteins, 
which promote the 100S ribosomal dimer formation.18,31 Here we 
tested whether formation of ribosomal dimers in C6 starved cells 
requires execution of the stress-induced transcription program. 
To answer this question we used Actinomycin D, a well-stud-
ied inhibitor of RNA transcription. Addition of actinomycin D 
during amino acid starvation did not prevent dimer formation, 

Figure 4. Formation of dimers in C6 cells does not require synthesis of new factors and is not dependent on stress granule formation. (A) Polysome 
profiles from cells treated with amino acid starvation in the absence (AA st 3 h) or presence of actinomycin D (AA st 3 h + ActD). (B) Polysome profiles 
of cells from control and amino acid-starved cells treated with siHuR or con siRNAs. (C) Western blot analysis of extracts from cells treated with siRNAs 
and blotted for HuR and tubulin.
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extracts showed a decrease in polysomes and an increase in the 
80S peak area. However, we did not observe any 110S dimer for-
mation (Fig. 5A). We tested several human, mouse and rat cell 
lines and searched for dimer formation upon stress conditions. 
We observed a 110S peak formation only in rat cells, such as C6 
glioma (Fig. 1A), PC12 derived from a phenochromocytoma of 
the rat adrenal medulla (Fig. 5A) and NRK kidney cells (data 
not shown). We also tested rat cells, which are being used as an 
experimental model system for studies on stress-induced diabe-
tes. Diabetes has been associated with increased endoplasmic 
reticulum stress in pancreatic β cells, leading to apoptosis and 
decreased plasma insulin.65 Ins1 insulinoma cells expressing an 
inducible mutant insulin 2 gene (C96Y-so called Akita muta-
tion) undergo ER stress-mediated apoptosis and are being used 
as a model to study the stress-induced factors that are involved 
in pancreatic β-cell apoptosis.66 Induction of the mutant insu-
lin protein in Ins1–Ins2 (C96Y) cells via the use of doxycycline 
(Dox) mimics the induction of ER stress in vivo in pancreatic 
β cells.66 Treatment with Dox increased eIF2α phosphorylation, 
decreased protein synthesis (data not shown) and induced 110S 
peak formation in Ins1–Ins2 (C96Y) cells (Fig. 5b). Similar 
results were obtained by treating Ins1–Ins2 (C96Y) cells with 
amino acid deficient media. We observed decreased protein bio-
synthesis by 50% (data not shown), which could explain the rela-
tively high level of remaining polysomes (Fig. 5b). These data 
suggested that rat cells form ribosomal dimers during stress con-
ditions, which cause inhibition of protein synthesis. The presence 
of ribosomal dimers in rat cell lines may have implications for 
studies that use such cells to study the molecular mechanisms 
of human diseases. Almost all studies that use polysome profile 
analysis use the position of the 40S, 60S and 80S ribosomes as 
markers to evaluate data of distribution of proteins or mRNAs 
across the gradients. Our data show that the 110S peak is a rest-
ing state of ribosomal dimers and should not be confused with 
either 80S monosomes or polysomal disomes.

Discussion

hibernating or aggregating ribosomes? In bacteria, expression 
of RMF is induced during the transition to the stationary phase 
of growth as well as under stress conditions of hyperosmolarity67 
or acidic media.68 Additionally, in E. coli deficient in the protein 
FtsY, which mediates delivery of proteins to the bacterial outer-
membrane, RMF is induced to attenuate global protein syn-
thesis due to the accumulation of outer membrane proteins in 
cytoplasmic inclusion bodies.69 All these data support a role for 
RMF as an important regulator of mRNA translation in bac-
teria. Mutants deficient in RMF have low survival rates in the 
stationary growth phase.18,30 In addition, they are more sensi-
tive to heat and acidic conditions during stationary growth.68,70 
Because ribosomal stability in an RMF mutant strain of E. coli 
decreased dramatically under stress conditions, it was speculated 
that dimerization is a mechanism to protect ribosomes from 
degradation.53 In contrast to this suggestion, application of heat 
shock to bacteria in stationary phase revealed complete dissocia-
tion of the 100S complexes without any apparent degradation 

ribosomal subunits most likely assembled into 48S preinitiation 
complexes and several other proteins, including RNA helicases, 
translation and mRNA stability regulators as well as factors 
involved in cell signaling.49 Because of the common elements 
between SGs and ribosomal dimers (under stress conditions, 
both have dynamic nature and contain ribosomal subunits), we 
tested whether ribosomal dimers in C6 cells under stress condi-
tions can be a form of SG-related complex. One of the marker 
proteins involved in SG assembly is HuR.50 We tested whether 
siRNA-mediated silencing of HuR would affect ribosomal dimer 
formation during stress induced by Tg-treatment. The efficiency 
of HuR silencing was monitored by western blotting (Fig. 4C). 
Depletion of HuR levels by 80% did not affect dimer forma-
tion (Fig. 4b). Moreover, other well-characterized components 
of SGs, like TIA-1 and TIAR,51,52 also had no effect on ribosomal 
dimer formation (data not shown).

The physiological significance of dimer formation in bacteria 
during poor nutritional conditions is a contribution to inhibition 
of protein synthesis and preservation of cellular resources.53 The 
levels of RMF and HPF proteins are induced under these condi-
tions, with a primary role to decrease translational activity of the 
cells.16,31 In mammalian cells, protein synthesis is regulated dur-
ing nutrient limitation or other stress conditions by sophisticated 
signaling mechanisms.54,55 For example, diverse stress conditions 
decrease global protein synthesis via increased phosphorylation 
of eIF2α, which leads to decreased ternary complex availability.56 
In addition, inhibition of the mTOR pathway causes decreased 
phosphorylation of p70-S6 kinase 1 (S6K1), a positive regulator 
of translation,57-59 and decreased 4E-BP1 phosphorylation, which 
negatively regulates mRNA translation.58,60 It is clear that in 
contrast to bacteria, mammalian cells use signaling networks to 
control protein synthesis during stress. The physiological signifi-
cance of ribosomal dimer formation in mammalian cells during 
stress is not clear. Because in both bacteria and C6 cells, forma-
tion of ribosomal dimers is the result of translational inhibition, 
it is possible that ribosomal dimer formation during stress is an 
evolutionary remnant of translational control.

Presence of ribosomal dimers in stressed mammalian cells is 
species-specific. 110S ribosome dimers were previously reported 
in sucrose gradients from rat and hamster cell extracts.33-35 These 
peaks were suggested to contain 40S and 60S subunits.61 It was 
also suggested that in liver extracts from rats treated with the 
hepatotoxic agent carbon tetrachloride, a similar peak to the 110S 
was formed and contained ribosomes. These ribosomes were sug-
gested to be targets of ribosomal degradation.62 These ribosomal 
peaks were also observed in the rat adrenals after adrenocortico-
tropin (ACTH) injection.63 Of particular interest was a report 
demonstrating that dimer formation in the liver of fasted rats 
could be reversed by amino acid reperfusion in vivo.64 Our stud-
ies demonstrate a direct relationship between formation of the 
ribosomal peak and inhibition of protein synthesis. This conclu-
sion can also explain all the earlier reports on 110S peak forma-
tion in rat cells.

We next determined whether human and mouse cells can 
also form dimers upon amino acid starvation. Polysome profiles 
from amino acid-starved human HeLa or mouse NIH 3T3 cell 
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Figure 5. Ribosomal dimers are formed only in rat cells. (A) Polysome profiles of control and amino acid-starved rat PC12, human HeLa and mouse 
NIH 3T3 cells. (B) Polysome profiles of rat insulinoma cells expressing an inducible fusion gene of Ins2 (C96Y)-GFP. Control, amino acid-starved and 
doxycycline-treated cells were analyzed. The expression of the fusion protein was determined by western blotting using GFP antibodies. Tubulin was 
used as a loading control.
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50 μg/ml hygromycin). Expression of Ins2 (C96Y)-EGFP was 
induced by treating cells with 5 μg/ml doxycycline for 72 h and 
was confirmed by western blot analysis using a GFP monoclonal 
antibody (BD PharMingen). Amino acid-starved cells, were incu-
bated in Krebs-Ringer Bicarbonate Buffer (KRB-Sigma Aldrich) 
supplemented with 10% dialyzed FBS. Control cells were treated 
at the same time and transferred to fresh medium supplemented 
with 10% dialyzed FBS. For drug treatments, thapsigargin (Tg) 
(Sigma-Aldrich) was added to a final concentration of 400 nM, 
actinomycin D (Sigma-Aldrich) to a final concentration of 10 μg/
ml (8 μM) and hippuristanol to a final concentration of 1 μM.

Polysome profile. 100 μg/ml cycloheximide (CX) was added 
to cells for 5 min at 37°C. Cells were then washed twice with PBS 
containing CX at 100 μg/ml, scraped and pelleted at 3,500 rpm 
for 10 min. The cell pellets were suspended in 500 μl of lysis 
buffer (10 mM HEPES-KOH, pH 7.4; 2.5 mM MgCl

2
; 100 mM 

KCl; 0.25% Nonidet NP-40, 200 units/ml) RNase inhibitor 
(RNaseOUT, Invitrogen) and EDTA-free protease inhibitor mix-
ture (Roche Applied Science), kept on ice for 10 min then passed 
15 times through a 23-gauge needle. Lysates were centrifuged 
at 10,000 g for 10 min and supernatants (cytosolic cell extracts) 
were collected; absorbance was measured at 260 nm. About 10 
ODs were layered over 10–50% or 10–35% sucrose gradients in 
buffer (10 mM HEPES-KOH, pH 7.4; 2.5 mM MgCl

2
; 100 mM 

KCl). Gradients were centrifuged at 17,000 rpm in a Beckman 
SW28 rotor for 15 h at 4°C. After centrifugation, 14 fractions 
(1.2 ml/each) were collected, and the first 11 were analyzed fur-
ther. Because CX was used during polysome preparation to freeze 
the ribosomes on the translating mRNAs, we tested whether 
the presence of CX had any effect in our findings. Starved cells 
without CX treatment also formed a 110S peak, suggesting 
that CX did not induce peak formation (Data not shown). For 
chemical in-gradient cross-linking, gradients were prepared with 
0–0.1% glutaraldehyde gradient. The crosslinking reactions were 
quenched by adding in the fractions TRIS-HCl pH: 7.5 to a final 
concentration of 20 mM.

Analysis of 110S fraction on sucrose gradients. Fractions cor-
responding to the 110S complex were combined and concentrated 
using Amicon Ultra-4 (10K cut off). Treatment with EDTA 
(15 mM) for 30 min on ice was applied as indicated. Resulting 
concentrated samples were loaded on 10–50% sucrose gradients, 
and the polysome profile analysis was performed as described.

Run-off experiments. Cells were lysed in polysome profile 
lysis buffer according to the previously described protocol fol-
lowed by addition of an equal volume of translation mix described 
before in reference 71 (2x concentration: 1.6 mM MgCl

2
; 

160 mM KAc; 80 mM amino acids; 188 μg/ml creatine phos-
phate kinase; 0.8 U/μl Rnasin; 1.6 mM ATP; 0.2 mM GTP; 0.2 
mM Spermidine; 32 mM Hepes, pH: 7.6 and 40 mM creatine 
phosphate) and samples were incubated at 30°C for 30 min. This 
procedure allows completion and release of started polypeptides. 
As a control, the same experiment was performed in the presence 
of CX at a final concentration of 100 μg/ml. The latter inhibits 
runoff of ribosomes and completion of peptide synthesis.

Electron microscopy. Negative staining was performed using 
2% uranyl acetate and carbon coated copper grids. Cryo-EM 

of rRNA.68 Despite all the progress in understanding formation 
of ribosomal dimers in bacteria, the involvement of structural 
changes of ribosomes in this process are still not clear.29

Formation of ribosomal dimers in rat cells has common ele-
ments with bacteria: (1) all cellular conditions that cause inhi-
bition of translation resulted in formation of the 110S peak in 
polysome profiles and (2) assembly and disassembly of ribosomal 
dimers was dynamic in response to nutrient availability. However, 
we also found several differences: (1) mammalian dimer forma-
tion does not appear to require a stress-induced factor; (2) mam-
malian ribosomal dimers have a mixed population of 80S:80S 
and 60S:80S dimers, with the interaction being most likely via 
the 60S subunit, while in bacteria, it is via the small 30S subunit 
and (3) Unlike bacterial dimers, mammalian ribosomal dimers 
probably do not have a well-defined interaction site or interac-
tion occurs via a highly flexible element, although this conclusion 
needs additional experimental evidence.

Our studies show that rat but not human or mouse cells formed 
ribosomal dimers in polysome profiles when analyzed in paral-
lel using identical experimental conditions. These data do not 
exclude that human or mouse cells may form ribosomal dimers 
with lower stability. It is also possible, that monomers could be 
in a hibernating state in species other than rat. Our data raise 
questions about possible ribosome differences between species or 
ribosome-associated proteins that have species-specific modifica-
tions. Future studies will address these possibilities. It will also be 
a challenge to determine the physiological significance of mam-
malian ribosomal dimers. Ribosomal dimerization in bacteria is 
considered a protective mechanism to prevent ribosomal degra-
dation.53 In eukaryotic cells, ribosomal autophagy (ribophagy) 
has been described under stress conditions.15 It will be interesting 
to determine, in future studies, whether ribosomal dimerization 
regulates recruitment of ribosomal particles to autophagosomes. 
If the latter is the case, perhaps rat cells have decreased activi-
ties for ribophagy, leading to accumulation of ribosomal dimers. 
Although the present work describes the formation of resting 
ribosomes in rat cells during stress conditions, determining the 
significance of ribosomal dimerization in different species will 
require additional studies. We have presented here some ideas and 
directions for future work, which may bring to light an unrecog-
nized aspect in translational control in mammalian cells.

Materials and Methods

Cells and media. C6 rat glioma, human HeLa and mouse NIH 
3T3 cells were grown in DMEM medium supplemented with 
10% fetal bovine serum (FBS) and 2 mM L-glutamine with 
antibiotics (penicillin and streptomycin). PC12 cells were main-
tained in DMEM medium supplemented with 5% calf serum 
and 5% horse donor serum, 2 mM L-glutamine, 10 mM HEPES 
and antibiotics (penicillin and streptomycin). Rat insulinoma 
cells (Ins1) cells stably expressing the Ins2 (C96Y)-GFP fusion 
protein were cultured in RPMI 1640 supplemented with 10% 
FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM 
HEPES, 55 μM β-mercaptoethanol, and antibiotics (penicillin 
and streptomycin) and selection drugs (200 μg/ml G418 and 
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CAC CAG; reverse: GCA CCA CCA CCC ACG GAA TCG) 
(2) 28S: (forward: GGC CGA AAC GAT CTC AAC CT; 
reverse: GCC ACC GTC CTG CTG TCT AT). siRNA against 
HuR was obtained from Dharmacon RNAi Technologies; con-
trol siRNA was from Ambion. Transfection was performed by 
using Lipofectamine (Invitrogen) according to the manufac-
turer instructions. Antibodies used were directed against tubulin 
(Sigma-Aldrich), ribosomal protein L4 kind gift from Vincent P. 
Mauro (The Scripps Research Institute, CA), ribosomal protein 
S5 73 and HuR (Santa Cruz).
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was performed using Quantifoil grids plunge-frozen in liq-
uid ethane. All images were acquired on a FEI Tecnai electron 
microscope operating at 200 kV. Cryo-EM imaging was per-
formed at a set magnification of 40,510x under low-dose con-
ditions and an underfocus range of 1.7–5.5 microns. Images 
were collected on a Gatan 4Kx4K CCD camera with 15 micron 
pixel size. The calibrated pixel size was 3.70 Å/pixel. Images 
were processed using SPIDER.72 For ribosomal dimers, projec-
tions were first normalized then subjected to multiple itera-
tions of reference-free alignment and K-means classification. 
For reference-based alignment and classification procedures, 
an individual 80S ribosome within the dimeric structure was 
aligned to an 80S ribosome from HeLa cells.41 Reference-based 
alignment was performed by back-projecting the reference at 
15° intervals, resulting in 83 reference projections. Each aligned 
class was then subjected to multivariate data analysis and clas-
sification to produce class averages as previously described in  
reference 42.

Other methods. Total RNAs and proteins from each frac-
tion were prepared by using Trizol LS reagent (Invitrogen) and 
the TCA precipitation method respectively. The distributions 
of 18S-28S rRNAs and ribosomal proteins were monitored by 
agarose gel electrophoresis and western blotting, respectively.73,74 
qPCR analysis for rRNAs was performed using the following 
primer sets: (1) 18S: (forward: TTG ACG GAA GGG CAC 
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